Summary Shade tolerance, plastic phenotypic response to light and sensitivity to photoinhibition were studied in holly (Ilex aquifolium L.) seedlings transported from the field to a greenhouse and in adult trees in the field. All plants were growing in, or originated from, continental Mediterranean sites in central Spain. Seedlings tolerated moderate but not deep shade. Mortality was high and growth reduced in 1% sunlight. Survival was maximal in 12% sunlight and minimal in full sunlight, although the relative growth rate of the seedlings surviving in high light was similar to that of plants in moderate shade. Maximum photochemical efficiency at predawn was significantly lower in sun plants than in shade plants in the field, revealing chronic photoinhibition that was most pronounced in winter. Plasticity in response to available light varied according to the variable studied, being low for photosynthetic capacity and stomatal conductance, and high for specific leaf area, root:shoot ratio and leaf area ratio, particularly in seedlings. Differences in water relations and hydraulic features between sun and shade plants in the field were marginal. High water potential at the turgor loss point of field-grown plants suggested that holly is sensitive to drought during both the seedling and the adult stage. Low relative growth rates in both high and low light with low physiological plasticity in response to light indicate the existence of a stress-tolerance mechanism. We conclude that holly is a facultative understory plant in areas of oceanic and relatively mild climate, but an obligate understory plant in dry continental areas such as the study site. The impact of abandonment of traditional management practices and climate change on these Mediterranean populations is discussed.
Introduction
Plant species typically segregate across light gradients in the field, giving rise to the light partitioning hypothesis that explains species coexistence in forest ecosystems (Poorter and Arets 2003, Valladares 2003) . Species are thus classified into obligate or facultative shade plants and obligate or facultative sun plants (Damascos and Rapoport 2002) . However, extensive comparative studies indicate that there are a few extremely shade-tolerant and a few extremely light-demanding species, with most species having intermediate and thus overlapping light preferences . Our understanding of the shade tolerance of most plants relies on classifications based largely on observational and anecdotal evidence, and the assignment of a given species to one category or another is commonly based on qualitative estimates of the natural light environment in which the species most often occurs (Reich et al. 2003) . The restriction of adult plants to the understory may be because dispersion of the propagules is limited to the understory, or because of the poor survival of seedlings or saplings or adult plants in high light, or a combination of these factors (Givnish 1988, Henry and Aarssen 1997) . Determining light requirements of plants and their ecophysiological adaptations to light conditions is particularly difficult in the case of long-lived species that may be exposed to different light environments at different stages of their life cycle, and the difficulty is compounded when other stresses such as drought co-occur (Valladares 2003, Niinemets and Valladares 2004, Sánchez-Gómez et al., unpublished results) .
Holly (Ilex aquifolium L.) is a widespread shrub or small tree that is found mainly in the understory of a range of temperate forests and woodlands (Peterken and Lloyd 1967) . Vegetative dispersion is limited despite vigorous sucker formation, so that the regeneration of holly relies heavily on seedlings, which are sensitive to drought (Peterken and Lloyd 1967) . In oceanic regions, holly can tolerate either sun or shade, although it performs best in partial shade, but in arid and hot environments, holly is an obligate shade plant (Brickell and Zuk 2002) . Consistent with this characterization, Ellenberg et al. (1991) found holly seedlings largely restricted to shaded sites (5-10% of full sun). But quantitative estimates of the shade tolerance of holly and ecophysiological information on the acclimation responses of holly to light are scarce (Karlic and Richter 1983 , Groom et al. 1991 , Del Hierro et al. 2000 , Schmidt et al. 2000 , Martínez-Vilalta et al. 2002 . Despite detailed information on reproductive biology, costs of reproduction and the functional implications of dioecy of holly (Obeso 1997 , Obeso et al. 1998 , there is little information on its regeneration niche and ecophysiological field performance.
The distribution of holly and its habitat preferences indicate sensitivity to low temperatures (Rütten and Santarius 1988) . Holly is a poor competitor in temperate oceanic habitats where it is subject to replacement by Rhododendron ponticum L. (Peterken and Lloyd 1967, Niinemets et al. 2003) . It has been suggested that holly is especially susceptible to replacement by other species as a result of increasing atmospheric CO 2 concentrations (Hattenschwiler and Korner 2003) . At the southern limit of its distribution, holly experiences a range of adverse conditions, particularly in dry, cold continental areas. In some of these areas (e.g., central Spain), there are dense, monospecific holly formations of great ecological value, which are the result of long-term management (Oria de Rueda 1992 , Arrieta 2002 , Arrieta and Suárez 2005 .
Our objective was to acquire a better understanding of the effects of sun and shade on the performance of holly, by combining the information available for populations in temperate Europe with our research on populations in continental, Mediterranean locations where high solar irradiance is associated with other environmental stresses such as drought and high temperatures. We focused on characterizing the light environment of seedlings and adults, and on estimating phenotypic plasticity for a range of morphological and physiological variables. Phenotypic plasticity in response to variation in resource availability is central to the environmental adaptations of sessile organisms exposed to changing environmental conditions (West-Eberhard 2003) , and plant species have been shown to exhibit significant differences in their plastic response to light (Valladares et al. 2000b) . We tested three hypotheses: (1) continental, Mediterranean conditions impose multiple stresses on holly populations which should, therefore, exhibit low phenotypic plasticity (Balaguer et al. 2001 and Valladares et al. (2002a) ; (2) as a shade-tolerant species, holly should display greater phenotypic plasticity in morphological variables than in physiological variables (Valladares et al. (2002b) ; and (3) Mediterranean populations of holly should be sensitive to photoinhibition, particularly when high solar irradiance is coupled with other stresses according to the findings of Groom et al. (1991) . To test these hypotheses, we studied shade tolerance of seedlings and the effects of high light on adult plants, as well as the plastic phenotypic responses to light of both seedlings and adults. In one set of studies, we assessed the survival of seedlings exposed to different shade treatments, and in another set of studies we determined the effects of sun and shade on photoinhibition and water relations of adult plants in the field.
Materials and methods

Study sites, vegetation and natural light environments
We studied shade tolerance and plastic responses to light of holly (Ilex aquifolium) seedlings and adult plants at three field sites in central Spain: Oncala (41°57′ N, 2°20′ W) in Soria, and Robregordo (41°10′ N, 3°30′ W) and Montejo de la Sierra (41°7′ N, 0°11′ W) in Madrid. Elevation was 1425 ± 50 m a.s.l. at each site. The climate of the study sites is continental Mediterranean, characterized by a prolonged summer drought and contrasting diurnal and seasonal temperatures (Instituto Nacional de Meteorología 2003) . Winter temperatures below -10°C occur frequently, particularly on clear days. Oncala is slightly wetter and colder, and the summer drought less pronounced (annual rainfall of 704 mm and mean temperature of 8.5°C, means for the last 20 years in the nearby stations of Arévalo de la Sierra and Barriomartín, Soria) than at the two Madrid sites (annual rainfall of 673 mm and annual temperature of 9.8°C, means for the last 12 years in Montejo de la Sierra). At all sites, species-rich woodlands are interspersed with grasslands. Ilex aquifolium forms dense patches at Oncala and Robregordo (Arrieta 2002, Arrieta and Suárez 2005) , whereas individuals are mainly isolated or in small groups in the mixed oak forest at Montejo de la Sierra (Lorenzo 2001) . Soils are slightly acidic (pH ≤ 6), relatively sandy, with a low fraction of clay, a poor water retention capacity, and moderate to low organic matter (1.3 ± 0.2%) and nutrient contents (50 ± 12 mg k g -1 of P, 650 ± 42 mg kg -1 of K and 8 ± 2 mg kg -1 of N). Twenty-six species of trees, shrubs and climbers were observed at Oncala, where I. aquifolium formed thick patches 5-8 m tall with a high stem density (13,100 stems ha -1 measured in a 100 m 2 plot), leading to a basal area of 167 m 2 ha -1 , of which 92% was I. aquifolium. The mixed forest at Montejo de la Sierra was 15-20 m in height and comprised Quercus petraea L. ex Liebl., Q. pyrenaica Willd. and Fagus sylvatica L. in order of decreasing dominance, with I. aquifolium, Prunus avium L. and Sorbus aucuparia L. in the understory. This forest had a mean basal area of 25 m 2 ha -1 and 967 stems ha -1 , of which 520 were > 10 cm in diameter at breast height. Holly-dominated formations at Robregordo had a high stem density (22,400 stems ha -1 in a 100 m 2 plot) and a basal area of 140 m 2 ha -1 , of which 52% was I. aquifolium. More information on the field sites can be found in Arrieta and Suárez (2005) .
In the interior of the dense holly-dominated patches, photosynthetic photon flux (PPF) was only 0.4 ± 1.4% of the PPF in the open, with an absolute maximum of 17.8% and a minimum of 0.1% (results from 110 open-understory pairs of measurements taken with a HD 9021 PPF quantum photometer, Delta OHM, Italy) at midday ± 1 h during June and July 1999. In the understory of the mixed oak forest, PPF was estimated to be 9.1 ± 1.4% of full sunlight (based on four hemispherical photographs analyzed with the software Hemiview (Delta T, Burwell, U.K.)). Although indirect estimates of PPF in the understory (e.g., from hemispherical photographs) likely overestimated the light availability, the difference is, in general, no more than 10% (Kull et al. 1999) . Thus, PPF in the understory of the mixed oak forest was probably about 8% of the PPF available in the open.
Plant material and experimental design
Seedlings were sampled at Oncala and Robregordo, and adult plants were studied in situ at Montejo de la Sierra. Seedlings were collected in the field at the cotyledon stage about 1 week after germination in May 1999. Each seedling was carefully potted together with the substratum surrounding the root system in a 200-ml pot filled with top soil from the site and transported immediately to a greenhouse at the Autonomous University of Madrid. Plants that exhibited symptoms of water stress or mechanical damage to roots, stems or cotyledons during the first 2 weeks after transportation to the greenhouse were discarded. After 2 weeks, seedlings were distributed at random in six light environments produced with neutral shade cloth. One group of 70 seedlings was grown in the open, and the other five groups, each of 70 seedlings, were grown at 71, 48, 24, 12 and 1% of full sunlight. Daily incident PPF in Madrid was 56.9 mol m -2 day -1 during the primarily clear summer days of the experiment. Seedlings were watered every other day to full soil capacity, and survival was checked weekly. Thirty-three additional seedlings were collected and dried to estimate initial plant mass. Relative growth rate and plant allometry and morphology were measured at the end of the experiment, after 5 months of growth in each light treatment. The experiment was repeated in 2000 following the same protocol with the same number of seedlings, but with only three light environments (100, 32 and 3% of full sunlight). Chlorophyll and carotenoid contents and maximum rates of photosynthetic electron transport were measured in seedlings in the second experiment. Data from the two populations of seedlings exhibited no significant differences for any of the variables studied and were pooled for statistical analyses.
The ecophysiological response to light availability of adult plants was explored in individuals of I. aquifolium growing in the oak forest understory and in the open at Montejo de la Sierra. The open site was the result of a firebreak created in 1995, so the individuals studied had been exposed to high solar irradiance for at least 6 years before the measurements.
Morphology and leaf biochemistry
Holly seedlings were harvested and separated into leaves, stems and roots for the different analyses at the end of the experiments. Leaf areas of seedlings and of shoots of adult plants were determined in fresh samples within 6 h of collection with a conventional scanner and Sigmascan and Leica Qwin image analysis software (Jaendel Scientifics, San Diego, CA). Leaves were kept in dark plastic bags to prevent desiccation during transport and manipulation. Plant material was dried for 48 h at 65°C and weighed. From these data, we calculated specific leaf area (SLA; m 2 kg -1 ) in both seedlings and adult plants, and root:shoot ratio, leaf area ratio (LAR; m 2 kg -1 ), and relative growth rate (RGR; week -1 ) in seedlings. Chlorophylls were extracted from leaf disks from both seedlings and adult plants with dimethyl sulfoxide (DMSO) for 2.5 h at 65°C and the chlorophyll and carotenoid concentrations of the extracts determined spectrophotometrically as described by Barnes et al. (1992) . Total foliar nitrogen was determined by Kjeldahl analysis with SeSO 4 and K 2 SO 4 as catalyzers in a 1016 Digestion System 12 (Tecator, Höganäss, Sweden) and a Kjelte System 1026 (Tecator) distilling unit. Photosynthetic nitrogen-use efficiency was estimated as maximum net photosynthetic rate per g of N.
Fluorescence and gas exchange measurements
Maximum photochemical efficiency or the quantum efficiency of open photosystem II centres (Maxwell and Johnson 2000) was estimated by the fluorescence parameter F v /F m :
where F o is dark-adapted minimum fluorescence, F v is variable fluorescence and F m the maximum fluorescence yield of a dark-adapted sample. Chlorophyll fluorescence was determined at different times of the day with a PMS Mark II fluorometer (Biomonitor SCIAB, Umeå, Sweden), after 30 min of dark adaptation of the leaves with a leaf clip. Measurements were made on adult plants, with a total of 12 leaves from each of the two light environments at the field site at Montejo de la Sierra throughout 2001. Only predawn values of F v /F m are shown because they are the best descriptors of chronic photoinhibition (Rohacek 2002 , Werner et al. 2002 . A pulse-amplitude modulated fluorometer (PAM-2000, Heinz Walz GmbH, Effeltrich, Germany) with a leaf clip holder (Model 2030-B) was used to estimate apparent lightsaturated rate of photosynthetic electron transport (ETR; µmol m -2 s -1 ) (Schreiber et al. 1994) :
where Θ is leaf absorptance and Φ PSII is the effective quantum yield, estimated as:
where F is the fluorescence yield in actinic light and F m ′ is the maximum fluorescence yield of the light-adapted sample. Actinic irradiance was provided by an external halogen lamp, and the measurements were conducted at seven PPF values from 0 to 2200 µmol m -2 s -1 . Starting with the lowest PPF, pulses of white light of 8000 µmol m -2 s -1 were applied to determine F m ′. During these fluorescence measurements in the greenhouse, mean leaf temperature across individual leaves was 25.1 ± 2°C. The ETR responses to PPF of all seedlings belonging to the same light treatment were fitted by nonlinear regression analysis. Maximum ETR obtained from the regression of each curve was used in the comparisons of seedlings from different light environments.
Maximum net photosynthetic rate and maximum stomatal conductance were determined in adult plants under the optimum field conditions with a portable open gas exchange system (Model LCA4, Analytical Development, Hoddesdon U.K.). Diurnal gas exchange measurements were made on clear days in spring 2001 on a total of 12 fully developed leaves from 4-5 adult plants from each of the two light environments in Montejo de la Sierra. The central unit recorded the incident PPF and the temperature of the cuvette simultaneously.
Water relations of adult plants
Water relations of adult individuals were determined from pressure-volume (P -V) curves made in the laboratory with fresh material brought directly from the field. Two leaves were collected from southern branches of each of three mature trees from each light environment. One-year-old leaf samples were taken at dawn at the end of spring before new leaves unfolded. Leaf samples were first rehydrated overnight. No artifacts as a consequence of the rehydration were observed in the P-V relationships (Dreyer et al. 1990, Kubiske and Abrams 1990) . The air-drying method was used to establish the water potential isotherms (Hinckley et al. 1980, Kubiske and Abrams 1991) so that pair measurements of leaf mass and water potential (Ψ) were taken concurrently at regular intervals. Samples were weighed before and after the leaf water potential measurements. Osmotic potential at full (π 100 ) and zero turgor (π 0 ), relative water content at zero turgor (CHR 0 ), and maximum bulk elastic modulus (ε max ) were estimated from the P-V curves according to Robichaux (1984) .
Two 1-year-old shoots were sampled from the same trees. Proximal ends of the shoots were recut under water just after collection in the field. Leaves attached to the shoots (SF) from the proximal to the distal segment were measured with a Digital Image Analyser (Delta-T, Cambridge, U.K.). Shoot length (L) was also recorded. Maximum hydraulic conductivity (k max ) was evaluated after full reversal of native embolism in the laboratory by flushing the stem segments with degassed water previously filtered to 0.20 µm for 1 h at a pressure of 0.8 MPa (Sperry and Tyree 1988) . Hydraulic conductivity was estimated by measuring water flux (W ) with a pressure gradient (∆P) of 6.5 kPa. Outflow solution from segments was collected in vial on an analytical balance every minute until stability in weight was reached, i.e., when the coefficient of variation was < 5%. We calculated k max as:
Sapwood area of the shoot was estimated from the diameter at the base measured with a caliper after bark stripping, which allowed for the calculation of the leaf:sapwood ratio (S F /S A ). Leaf-specific hydraulic conductivity, which provides information about the hydraulic sufficiency of a shoot in relation to the leaf area supported (K L ), and specific hydraulic conductivity (K S ), a measure of hydraulic efficiency on a sapwood area basis, were calculated as:
Statistical analyses and plasticity index
Analysis of variance (ANOVA) was conducted to evaluate the differences among light treatments in seedlings, or among field light environments in adult plants. Variables of seedling morphology were logarithmically transformed and biomass was used as a covariate as recommended by Coleman et al. (1994) . In all cases, the data met the assumptions of normality and homoscedasticity. The relationship between ETR and PPF was analyzed by nonlinear regression. The effect of light availability on seedling survival was analyzed by the MantelHaenszel test. Differences in seedling survival among groups of light treatments were tested with a log-rank test on the survival curves obtained for each treatment, and Bonferroni's correction for multiple comparisons was applied. Statistical analyses were performed with SYSTAT 9.0 Windows Version 1999 (SPSS, Chicago, IL). We defined phenotypic plasticity as the fraction of the total phenotypic variation observed in a given variable that is explained by differences between environments (Valladares et al. 2000a (Valladares et al. , 2002a ). An index of phenotypic plasticity ranging from 0 to 1 was calculated for each variable as the difference between the minimum and the maximum mean values of each light treatment (or light environment in the field) divided by the maximum mean value (Valladares et al. 2000b ). This phenotypic plasticity index, which has been used in previous studies (Balaguer et al. 2001 , Niinemets et al. 2003 , Valladares et al. 2000a , 2002a , 2002b , has the advantage that changes in variables expressed in different units and with contrasting variation ranges can be compared. In practice, it yields similar results to other more complex indices such as that used by Robinson and Rorison (1988) .
Results
Shade tolerance and response to light of holly seedlings
Survival of holly seedlings was significantly affected by light availability (Mantel-Haenszel test P < 0.001). Log-rank tests on the survival curves revealed that survival was maximal at 12% sunlight, minimal at both 1 and 100%, and intermediate at 24, 48 and 71% (P < 0.001; Figure 1 ). Initial relative growth rate of the seedlings was generally low, particularly at 1% PPF (Figure 1 ). Specific leaf area and leaf area ratio decreased significantly with increasing PPF, whereas root:shoot ratio significantly increased with increasing PPF, although it decreased again in the full sun treatment (Figure 2) . Chlorophyll concentration on a dry mass basis was lower in full sun than in intermediate and deep shade, whereas the reverse was true for maximum ETR and carotenoid:chlorophyll ratio (Figure 3) .
Field performance and response to light of adult holly
Maximum photochemical efficiency at predawn was significantly lower in sun plants than in shade plants in the field, and particularly low during the winter months (Figure 4 ). Chlorophyll concentration was lower in adult plants than in seedlings, although the sun-shade pattern was similar to that observed in seedlings, with significantly lower values in sun plants than in shade plants throughout the seasons (Figure 4) . Maximum net photosynthetic rate, maximum stomatal conductance and leaf nitrogen concentration were unaffected by light availability in the field (Figure 5 ), and the same was true for most of the parameters derived from the P-V curves (Figure 6 ). However, specific leaf area and photosynthetic nitrogen-use efficiency ( Figure 5 ) and modulus of elasticity ( Figure 6 ) exhibited significant differences between plants from different light environments, with lower values in the sun than in the shade.
Hydraulic architecture was similar between sun and shade plants as revealed by the absence of significant differences in either hydraulic conductivity or specific hydraulic conductivity (Figure 7 ). The only difference in hydraulic architecture between sun and shade plants was found in the foliar to sapwood area ratio, which was higher in shade plants (Figure 7) .
Analysis of phenotypic plasticity
High values of the phenotypic plasticity index (PI) correlated with highly significant differences between sun and shade plants across the different variables studied (Table 1) . Variables ranged from highly plastic (PI > 0.6) to non plastic (PI about 0) and were grouped into three types: very plastic (e.g., most morphological variables measured in seedlings and adult plants), not plastic (e.g., many water relations variables measured in adult plants), and of variable plasticity depending on the reference units, i.e., plasticity of a given variable buffered by plasticity in other variables (Table 2 ). An example of the latter was photosynthetic plasticity on a dry mass basis, which was counteracted by plasticity in SLA, resulting in a homeostatic response of photosynthesis on an area basis. For the variables measured in both seedlings and adults (specific leaf area and chlorophyll content and concentration), seedlings had higher values of PI than adults (Table 1) .
Discussion
Shade and high light tolerance of holly
Holly seedlings from the two populations studied tolerated moderate but not deep shade (1% sunlight), in agreement with TREE PHYSIOLOGY ONLINE at http://heronpublishing.com earlier observations (Peterken 1966) . Thus, even though these seedlings are able to survive in the understory of the typical mixed oak forests of the area (about 8% sunlight ; Lorenzo 2001) or at the edges of dense monospecific holly patches (1.5-8.5% sunlight; Arrieta 2002, Arrieta and Suárez 2005) , light availability in the understory of dense holly patches was too low (< 1%) for holly seedling establishment, which supports the findings of Arrieta and Suárez (2005) based on field monitoring of seedling survival. Thus, within dense holly formations, only vegetative reproduction is possible. The intolerance of holly to heavy shading may not prevent regeneration of the species at the southern limit of its distribution, however, because canopies are relatively open and understory light is mostly well above 10% of full sunlight (Valladares 2003 ). However, the poor performance of holly at high irradiances may hamper natural regeneration in open habitats. Thus, natural establishment of holly seem to be restricted to bright or moderately shaded forest understories in continental Mediterranean areas. Different variables, however, showed different tolerances to high light. Although both survival and relative growth rate (RGR) were maximal at 12% sunlight, survival decreased in full sunlight, whereas RGR remained constant. This finding challenges our understanding of plant tolerance to extreme light conditions and complicates the definition of shade and high-light tolerance (see discussion in Sack and Grubb 2003) . High-light-tolerant species are classified as those that survive and grow only in high-light conditions, and shade-tolerant species are defined as those that can survive in shaded understories receiving 1-2% of full sunlight (Kitajima 1994 , but see also Smith and Huston 1989 , Walters and Reich 1996 , Henry and Aarssen 1997 . Accordingly, holly would be classified as an intermediate species because it does not fulfill any of the requirements for either a true high-light or a true low-light species. We found that individual plants that survived in high light had a similar RGR to plants in low light. This constancy of RGR under both high-and low-light conditions agrees with the results of Kitajima (1994) and indicates RGR may be a poor indicator of tolerance of high light environments.
Inter-and intraspecific analyses of phenotypic plasticity
Holly seeds are dispersed primarily by birds, so seedling emergence takes place largely below bird perches, which reduces 1046 VALLADARES ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 the range of light conditions experienced by seedlings ). Thus, we expected only a limited plastic response to light in this species. What we found was that the phenotypic response of holly to light varied with the parameter studied, but it was low for certain key physiological variables, including photosynthetic rate, stomatal conductance and most water relation and hydraulic characteristics. Phenotypic inertia (i.e., lack of responsiveness) was particularly high in adult plants and is part of the suite of features characterizing stress-tolerant woody plants (Brzeziecki and Kienast 1994 ) that invariably includes low relative growth rates (Kitajima 1994 , Valladares et al. 2000b ). Based on the findings of Balaguer et al. (2001) and Valladares et al. (2002a) and the multiple constraints imposed by the continental, Mediterranean conditions of the study sites, we predicted that our holly populations would exhibit lower phenotypic plasticity than populations in more temper- ate, oceanic habitats. Based on a reappraisal of the data of Peterken and Lloyd (1967) , we found that the plastic light response of British holly populations was higher with respect to the photosynthetic capacity (PI 0.39 versus 0.19) and specific leaf area (PI 0.58 versus 0.44 of adult plants) than the Mediterranean populations we studied. Plasticity of the Belgian populations of holly studied by Niinemets et al. (2003) was also higher than the plasticity of our populations with respect to leaf chlorophyll (PI 0.18 versus 0.05) and electron transport rate (IP 0.50 versus 0.37), but not for specific leaf area (PI 0.43 versus 0.44). Although this comparison across different studies must be viewed with caution, it supports the hypothesis that phenotypic plasticity decreases as habitat adversity increases. We obtained support for our hypothesis that phenotypic plasticity is higher for morphological variables than for physiological variables in shade-tolerant species. The low plasticity for physiological traits agrees with previous studies of the species (Schmidt et al. 2000 , Niinemets et al. 2003 ) and seems to be characteristic of shade-tolerant trees, such as F. sylvatica (Valladares et al. 2002b) and Abies alba Mill. (Robakowski et al. 2003) and shrubs (Valladares et al. 2000b ). Holly exhibited a moderate to highly plastic response to light in morphological and allometric variables such as specific leaf area, leaf area ratio and root:shoot ratio, which is common in shade-tolerant species (Niinemets and Valladares 2004) . Shade tolerance typically translates into a low plasticity for photosynthetic energy conversion and a high plasticity for variables involved in light capture (Valladares et al. 2002b , Yamashita et al. 2002 , which commonly lead to low rates of carbon accumulation in shadetolerant species in both low-and high-light environments. Kitajima (1994) argued that maximization of whole-plant carbon gain in low light is not an essential part of shade tolerance, but may be associated with resilience to herbivores and pathogens. This argument holds for holly, a species with spiny and sclerophyllous leaves loaded with defensive compounds (Potter and Kimmerer 1986) .
A physiologically plastic response to high light has been interpreted as a mechanism underlying invasiveness (Durand and Goldstein 2001, Yamashita et al. 2002) . The relatively low photosynthetic plasticity of holly contrasts with that of the invasive R. ponticum coexisting with holly in Belgium (Niinemets et al. 2003) , and replacing holly in temperate, oceanic Europe (Peterken and Lloyd 1967) .
Ecophysiology of the response of holly to light
Holly plants exhibited significant photoinhibition under highlight conditions in the field, and the photoinhibition was significantly more pronounced in winter. This finding agrees with a report by Groom et al. (1991) that emphasized the importance of combined high light and low temperature for the reduction of F v /F m in British populations of holly. Chronic winter photoinhibition has been reported for several evergreen species in the Mediterranean region despite the mildness of the winters (Garcia-Plazaola et al. 1999 , Oliveira and Peñuelas 2000 , Martínez-Ferri et al. 2004 . Photoinhibition is a photoprotective mechanism (Oquist and Huner 2003) and has been observed in Mediterranean evergreens exposed to exceptionally cold weather (Garcia-Plazaola et al. 2003) . Photoinhibition of holly in high light is related to reduced photosynthetic capacity, and can be attributed to both the sensitivity of holly to high light, and low nitrogen availability. The holly populations we studied grew on nitrogen-poor soils and exhibited lower leaf nitrogen concentrations than reported for other populations (Niinemets et al. 2003 , Aranda et al. 2004 . It is well documented that low leaf nitrogen contents can limit the capacity for acclimation to high light and for adapting to high irradiances (Johnson et al. 1997 , Skillman and Osmond 1998 , Valladares et al. 2000a .
The high chlorophyll concentrations that we measured in shade plants are in accordance with classical sun-shade acclimation responses (Lambers et al. 1998 ) and with results for seedlings of other temperate trees (Valladares et al. 2002b) . The low chlorophyll concentrations in our field plants could be a result of both enhanced photodegradation of chlorophylls and limited chlorophyll synthesis due to nutrient limitations. Maximum rates of net photosynthesis did not differ between sun and shade populations of adult plants in the field and limited nitrogen availability could explain this result, because soil nitrogen concentration was high in our seedling experiment and in the Belgian population studied by Niinemets et al. (2003) , and low for our adult plants in the field. Many tree species alter their water relations and hydraulic properties in response to available light (Abrams 1986 , Abrams and Mostoller 1995 , Aranda et al. 2001 . However, adult holly plants growing in two contrasting light environments showed only minor differences in water relations. Holly showed a limited capacity for osmotic adjustment, with higher water potential at the turgor loss point than any other co-occurring tree species (Aranda et al. 1996) . Given that π 100 has often been taken as a drought tolerance index (Bahari et al. 1985 , Abrams 1990 , Tschaplinski et al. 1998 , holly can be regarded as a drought-sensitive species despite its moderate resistance to cavitation (Martínez-Vilalta et al. 2002) . Holly plants exhibited no change in hydraulic conductance with change in available light, although they exhibited changes in foliar:sapwood area ratios, as has been reported for other species (Maherali et al. 1997) . The low responsiveness of the water relations properties of holly to environmental conditions may indicate an evolutionary constraint on changes in vascular structure as argued for Rhododendron species (Cordero and Nilsen 2002) ; the similarity in stomatal conductance of sun and shade plants of holly may be associated with the limited capacity for acclimation of the hydraulic system to varying evaporative demands.
Mediterranean holly populations in a changing environment
Based on our findings, holly can be considered a facultative understory plant in areas of oceanic and relatively mild climate but an obligate understory species in dry, continental areas such as those studied here. In a global change scenario, holly could be replaced by more drought-tolerant species in open habitats and by invasive, highly competitive species in the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SHADE TOLERANCE AND PHOTOINHIBITION OF HOLLY 1049 understory. However, autochthonous holly populations may respond differently to populations originating from commercial varieties, given that the latter are listed as invasive in USA (Randall and Marinelli 1996) . The dense holly forests found in certain Mediterranean areas are the result of human management (Oria de Rueda 1992 , Arrieta 2002 , Arrieta and Suárez 2004 and are, therefore, highly vulnerable to abandonment of the traditional practices, which sustained them, particularly if coupled with a predicted increase in temperature and decrease in precipitation (IPCC 2001) . Holly present in the Mediterranean region is a relict of the Tertiary tropical flora (Suc 1984) and depends increasingly on the microclimatic conditions arising from the presence of other tree species to survive. Its limited phenotypic plasticity and competitive ability in the Mediterranean region may compromise its long-term natural regeneration in the understory. This contrasts with the expansion and ecological success of other tropical woody relicts inhabiting the Mediterranean region, e.g., Pistacia lentiscus L., which may be associated with its tolerance to high irradiance and severe drought (Verdú and García-Fayos 2002 , Vilagrosa et al. 2003 ).
